a-Melanotropin (a-melanocyte-stimulating hormone, a-MSH:
investigate the mechanism of action of MSH on different pigment cells, we have devised several chemical approaches that would give us some information about the respective receptors. The structural requirements of a peptide for the stimulation of a target cell (and the conclusions about the complementary read-out devices of the receptors) are established by extensive structure-activity studies. To this end we have synthesized a number of hormone analogues and fragments and tested them in a frog melanophore system (for melanosome dispersion) and a mouse melanoma-cell system (for tyrosinase stimulation). In another approach, the importance of an easily accessible N-or C-terminus of a-MSH to the surface of the target cell was examined by attaching the hormone to proteins through different linkages. In a third approach, MSH containing photoaffinity labels was covalently inserted into receptors by U.V. irradiation. This led to an irreversible stimulation of the target cells. and thus receptor turnover and degradation could be investigated. Other approaches, such as receptor localization and isolation. are currently being developed.
There is ample evidence that the primary site of action of MSH is a cell-surface receptor (Horowitz et a/.. 1980; Eberle, 1980) which can be triggered by either of the two message sequences of MSH. the central (-Glu-His-Phe-Arg-Trp-) or the C-terminal sequence (-Gly-Lys-Pro-Val-NH,) (Eberle & Schwyzer, 1976) . The N-terminal part of the molecule, devoid of melanotropic activity. potentiates the two individual or covalently combined message sequences. This subdivision of the MSH molecule into different functional portions was confirmed in principle with melanoma-cell receptors (Eberle p i a/.. 1979).
Structural requiret~tentsfor the C-terminal message sequence of
In the sequence part (1-10) of (I-MSH, the importance of various residues for the recognition by melanophore and melanoma-cell receptors was examined with a number of synthetic analogues (see, e.g.. Eberle & Hubscher, 1979; Sawyer el a/.. 1979). From these studies it appears that both types of receptor recognize the N-terminal part of the hormone in much the same way. One major difference, however, has been found with respect to position 9 of a-MSH. the side-chain of which is much less essential for the stimulation of Rana melanophores than for the tyrosinase activation in melanoma cells (Eberle & Schwyzer, 1'17'1). Recently, these studies were extended to the C-terminus of a-MSH. Table 1 lists the biological activities of 15 analogues with modifications or deletions in positions I I , 12 and 13. For each individual derivative, the differences of the values obtained with the two assay systems are marginal, suggesting an almost identical recognition pattern of this part of the hormone molecule by the two receptor types. Furthermore. the results show that an alteration of lysine-1 I (deletion of the basic amino group or of the whole side-chain) and of proline-I2 (opening of the ring structure) causes a dramatic loss in biological activity. On the other hand, valine-13 may be replaced by a much wider variety of residues without seriously affecting the activity. This indicates that the C-terminal message sequence of a-MSH must consist of a basic side-chain at position I I and a conformationstabilizing element at position 12. The presence of a residue at position 13 is essential: the nature of its side-chain, however, is much less important.
Covalent a-MSH-protein conjugates
Proteins to which peptide hormones are covalently attached by a specific chemical reaction are useful carriers for receptor studies. There is a wide range of application for such complexes, such as the possibility of coupling a large number of marker groups to the carrier without harming the peptide (Di Pasquale el a/., 1978) or of comparing the behaviour of peptide fragments with that of the whole hormone (Eberle et a/., 1977) .
a-MSH was coupled to thiol-containing human serum albumin, thyroglobulin and tobacco mosaic virus, yielding complexes with about 5, 50 or 300 hormone molecules per carrier respectively, with well exposed N-or C-terminus (Fig. I) . The experiments with the melanophore and the melanoma-cell BIOCHEMICAL SOCIETY TRANSACTIONS 
Fig. 1. Preparation of a-MSH-protein conjugates
The protein (P) is treated with reagent I (when P is human serum albumin or thyroglobulin) or with reagent I1 (when P is tobacco mosaic virus), and the free thiol groups are condensed with a-MSH containing a maleimido group at its N-terminus (a) or at the lysine-1 1 side-chain (b).
assay showed that attachment through the N-terminus is quite favourable. The activity of the complexes was albumin-MSH 'Y 1, thyroglobulin-MSH 'Y 5 , virus-MSH ~3 0 0 , compared with a-MSH (the 'superpotency' of the virus-MSH complex is best explained by co-operative affinity phenomena: see Kriwaczek et al., 1978) . When, on the other hand, a-MSH is linked to the carrier via lysine-11 (Fig. Ib) , the activity of all complexes is more than 100-fold lower than for N-terminal linkage (Fig. la) . The reason for this resides partly in the fact that the lysine-1 1 side-chain cannot interact with the receptor. A similar situation is found with [Gly"]a-MSH (5 , Table I ), where the same side-chain is missing. Thus an easily accessible C-terminus is of major importance for full biological activity of the hormone.
PhotoafJinity labelling of MSH receptors
Recently, De Graan & Eberle (1980) have reported on an irreversible stimulation of Xenopus melanophores by U.V. irradiation of larvae tail-fin pieces in the presence of a photolabile a-MSH derivative (Ip-a~idophenylalanine'~la-MSH).
This irreversible pigment dispersion, which lasted for several hours, was shown to be specific and due to a covalent hormone-receptor complex. By varying the hormone concentration and the temperature of the experiment, the rate of labelling and the receptor turnover could be estimated. At 2OoC receptor inactivation may range from 20 to 30%, and at 26OC from 40 to 600/0. At temperatures below 15OC the covalent MSH-receptor complexes are rather stable.
This approach offers the unique opportunity to study the time course of the involvement of additional factors necessary for the response, such as Ca2+, cyclic AMP etc. In addition, further mechanistic details about hormone-receptor interactions can be obtained by using MSH derivatives with photoaffinity groups attached to various sites of the hormone molecule together with anti-a-MSH antibodies directed against the N-or the Cterminus.
Conclusion
Structure-activity studies, performed with the melanophore assay on more than 100 analogues and fragments of a-MSH, and on about 30 of them with the melanoma tyrosinase assay, have shown that a-MSH contains two message sequences and that their key elements for triggering pigment-cell receptors are -Phe-Arg-and -Lys-Pro-respectively. The receptors of both cell types investigated recognize the structural elements of the hormone molecule in a rather similar way, with the exception of certain parts within the central message sequence. In this latter respect, melanoma-cell receptors appear to resemble more the receptors of rabbit fat-cells (for further details see Eberle, 1981) . For all these receptors it is unfavourable to extend the C-terminus by additional residues of the corticotropin (ACTH) sequence, which, on the other hand, is an indispensible factor for the corticotropin activity in adrenal cells and in rat fat-cells. The C-terminus of a-MSH should contain the -Lys-Pro-Val-NH, sequence in positions 11-13; when it is separated from the central message by inserting Gly-Gly or Gly-Gly-Gly into position 10, the activity decreases to 25% and 5% respectively (Medzihradszky et al., 1979) . The synthetic hybrid between a-MSH and P-MSH, ISer",Pro"Ja-MSH (9, Table l), may in part explain the lower activity of P-MSH (5% compared with a-MSH). Marked modifications, like the change of -GlyLys-Pro-Val-NH, into -Asp-Arg-Phe-NH, in the synthetic y,-MSH (Ling et al., 1979) , may decrease the activity to less than 0.1%.
Physical properties of MSH receptors of both melanoma cells and melanophores are not known at present. With binding studies their number in melanoma cells was estimated to range between lo4 and 4 x lo4 per cell . However, precise values could not be obtained because of a rather high degree of unspecific binding of tritiated a-MSH to the cell surface. By using the photoaffinity approach and specific antibodies, these problems should be overcome. Another topic, the degradation of the hormone at the cell surface and hormone uptake by the cell, is currently being investigated with labelled a-MSH derivatives, containing different marker groups at various sites. 
